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Abstract 
We present an electromechanical energy harvester based on the piezoelectric effect. The piezoelectric energy harvester 
(PEH) consists of PZT materials glued on a cantilever with tipmass. Using this setup, the mechanical energy of 
ambient vibration is converted into electrical energy. It is possible to define an optimized height profile of the 
cantilever for maximum power output by analytical methods. This geometry is approximated by a linear profile for 
manufacturing purposes. We verify our experimental results with finite element (FE) simulations. To make this 
harvesting technique suitable for various applications, it has to be miniaturized. We measure, simulate and compare 
power outputs of a tailored harvester with respect to different electrical loads. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of EUROSENSORS 2015. 
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1. Introduction 
The decrease in power consumption of electronic circuits (e.g., the sub 10μW wake up receiver [1]) and the 
optimization of energy harvesting techniques lead to new possibilities of self-sustained devices [2]. Goal of this 
research is to harvest enough energy to power a combined telemetry- and localization system for logistic boxes [3]. In 
doing so, we implemented a PEH into a logistic box and evaluated its performance considering realistic conditions. 
The paper is organized as follows: At first we describe the theoretical estimation of the maximum power output and 
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identify parameters of the piezoelectric material that take effect on the power output. Secondly an optimal height 
profile is deduced by analytical methods. In the following section, a linearization of this profile is realized and a PEH, 
integrated in a logistic box, is presented. Measurement and simulation results are illustrated in the subsequent section.  
2. Theoretical estimation of maximum power outputFormelabschnitt (nächster) 
The fundamental linear piezoelectric equations are given as [4]  
 
 3 31 1 33 3
TD d T Eε= + → = +TD dT İ E   (1) 
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D is the dielectric displacement vector, d the piezoelectric charge constant, T the mechanical stress and S the 
mechanical strain, respectively. Furthermore, E stands for the electric field vector, sE is the elastic compliance at 
constant electric field and ࢿࢀ the permittivity at constant mechanical stress. The transpose of a tensor is illustrated 
with subscript t. Besides the xyz-coordinate system, the 123-system (Voigt Notation) is used (Fig. 1a). Applying short 
and open circuit conditions, the frequency resolved electrical impedance Zi of the PEH can be calculated according to 
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where Ȧ stands for the angular frequency. The energy source provides maximum power when the load impedance 
ZL equals the complex conjugate of the sources impedance, i.e., ZL = Zi*.In case of a resistive load RL, one has to adapt 
its’ value to the magnitude of the complex source impedance, i.e., RL = |Zi|. Assuming constant mechanical stress 
along the cantilever, the maximum power output Pmax results in 
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In reality the mechanical stress along the x-direction of the cantilever is not constant. Therefore, the local electric 
voltage generated by the piezoelectric material also varies. The equipotential areas (electrodes) average those local 
voltage differences and, consequently, the maximum of the generated power can be computed using the arithmetic 
average value of the mechanical stress 
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This approach has serious shortcomings [5]. Deducing the PEHs impedance from short and open circuit conditions 
results in pure capacitive impedance properties, which means that the resonance and anti-resonance phenomenon of 
the system are not considered. Furthermore, piezoelectric backward coupling is not taken into account. Despite of this 
facts, one can use (5) for estimating parameters to maximize the power output of the system. This is possible by 
enlarging the geometry, using piezoelectric materials with high ݀ଷଵଶ Ȁߝଷଷ் ratio [6, 7] or optimizing the cantilevers 
geometry to maximize T. Since the objective is the miniaturization of PEH devices and a material (PZT M1100) with 
high coupling factor is used already, further investigations were carried out concerning optimization of the cantilever’s 
geometry.  
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3. Optimal height profile of the cantilever 
In order to achieve maximum power output, the mechanical stress has to be spread equally across the piezoelectric 
material. This can be done by utilizing a special height profile of the cantilever. As shown in [8], the optimal height 
profile is described by ݄ሺݔሻ ൌ ݄୫ୟ୶ሺሺ݈ െ ݔሻȀ݈ሻ଴Ǥହ . However, such a profile is not applicable since the brittle 
piezoceramic material cannot be attached to a curved surface. Moreover, no tipmass can be considered because the 
tip-height equals zero. Due to this facts, the linear approximation ݄୪୧୬ሺݔሻ ൌ ݄୫ୟ୶ሺͳ െ ሺͳ െ ߟሻሺݔȀ݈ሻሻ of this profile is 
used, where ߟ denotes the quotient of minimum and maximum height of the cantilever. The best linear profile reaches 
74% of the ideal power and is described by ߟ୭୮୲ ൌ ͲǤ͵ʹ. In contrast, a constant height profile (i.e., ߟ ൌ ͳ) only reaches 
25% of maximum power output. The normalized mechanical stresses along the cantilever for different linearized 
height profiles are shown in Fig. 1b. Furthermore, a FE-simulation for the mechanical stress within a cantilever of 
constant height and a cantilever featuring the best linear height profile is provided in Fig. 1c. It can be seen that the 
mechanical stresses are applied in a more uniform way using the linear approximation of the optimal height profile. 
The maximum of the mechanical stresses in the piezoelectric material is also lower. This is beneficial since the 
mechanical design has to ensure that the maximum stress, applied to the PZT material, is below its depolarization 
pressure. Those results are scalable and therefore also applicable to miniaturized devices. 
 
Fig. 2: a) Acceleration over time of manual and replicated set down; b) miniaturized piezoelectric energy-harvester; c) dimensions of the box. 
Fig. 1: a) Mechanical assembly of the energy harvester with best linearized height profile of the cantilever; b) normalized bending stress curve for 
different Ș; c) comparison of simulated mechanical stresses using a constant height profile (top) and the best linear approximation of the optimal 
height profile (bottom). 
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4. Design of the miniaturized harvesting concept 
When designing a PEH it is important to characterize the input values of the system. The acceleration of typical 
movements of a logistic box (Fig. 2a) were measured using a quartz shear acceleration sensor (Kistler 8702B100). As 
expected, the accelerations show impulse characteristics with fairly high peak accelerations. The manual set down of 
the logistic box causes peak acceleration values of approximately 40 g in z-direction. To replicate this, a device that 
drives the cantilever on an end stop was used. The comparison of artificial and manual acceleration behavior is shown 
in Fig. 2a. Inside the logistic box (Fig. 1c) is a chamber of size 85 x 110 x 22 mm³. In a first miniaturization step, the 
harvester was adapted to fit the dimensions of this chamber. The cantilevers are made of aluminum (hmax = 1.5 mm, 
hmin = 1 mm, l = 65 mm b = 20 mm). PZT M1100 (hPiezo = 260 μm) was attached to the cantilever in parallel mode 
(Fig. 1a) and a tip mass of 60 g was used. Moreover, the PEH was designed to harvest energy from three-dimensional 
excitations (Fig. 2b).  
 
5. Simulation and measurement of harvested energy per excitation 
In order to compare the power output of the miniaturized PEH, the replicated set down acceleration behavior was 
applied to both, the numerical simulation and the measurements. Since numerical simulations of such harvesting 
devices always strongly depend on material parameters, we identified a reliable data set for the PZT material by means 
of the inverse method [10]. Exploiting the hybrid simulation approach [9], the set of reduced algebraic equations, 
resulting from spatial discretization, was implemented into a Matlab-Simulink model. This makes it possible to 
perform transient simulations of the PEH device including electrical elements, e.g., load resistances. Fig. 3a compares 
the voltage behavior of simulation and measurement at a load resistance of 30k. With this information, the harvested 
power and energy over time was calculated (Fig. 3b). The total amount of harvested energy for different load 
resistances is depicted in Fig. 3c. One cantilever in z-direction delivered 200μWs per set-down at a load resistance of 
30k.  
 
  
Fig. 3: Comparison of simulation and measurement: a) v oltage of the piezoelectric material excited with the replicated set down of the box at 
a load resistance of 30k; b) harvested power and energy over time at a load resistance of 30k; c) total amount of harvested energy for different 
loads per set down excitation. 
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6. Conclusion  
We proposed a miniaturized, impulse excited PEH integrated in a logistic box. To maximize power output, an 
optimized cantilever profile was found by analytical methods and its linearization was manufactured. Characterizing 
and replicating typical acceleration behaviors of a logistic box, it was possible to measure and simulate with realistic 
conditions. Through a hybrid simulation approach and precise piezoelectric material parameters, we were able to 
simulate transient characteristics of PEHs including the connected electrical loads. As the results reveal, measurements 
and simulations coincide well for various loads.  
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